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B B R 2 AL B U LA RS AT A A TR A R UIAROG . TR FEAILRI T T, TFT S8 ] 38 ik £F B 21206 5 A5 BB |
AL | 5T R A LA S Y N M AR A IR AR A R AT, B E R, B, PPIGE . RS
KRG . SAKE, IFTRMA2450 . Sikifte . SRk seman s St miEf iz R/ g . WAMHTIFT

PR B S PRI G R , A B THESh T TR AIHLE] 738 |

KA
FESZES  Q2, R596

GBI T2 EAER . DS e
BT E AT AE R S, AR R AT B
BRI . IRIEZS I REZE R, BN
RIEENABHHIHNAE. B EFELINTEZH4E
RN, KSR W E T R R R i sh A
Ay Rh ez 8 ) E PR sh A iz g WIgEr
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i BRI AGORIRE A G B SRR 18 R St — 20
B TR IFT A RS5H . SRR . ik
G PUIHLER AT

IFT AH OGP S ] 3 302 R G052 R L 1
B, wIEEMMkE X E AR (shortrib
thoracic dysplasia, SRTD). Mainzer-Saldino Zi&1iE
(Mainzer-Saldino syndrome, MSS) . Bardet-Biedl
ZEA1E (Bardet-Biedl syndrome, BBS) . 245
(polycystic kidney disease, PKD) . i ¥ Jji A5 P
(retinal degeneration) . il & T £F & i 3l Fi i
(primary ciliary dyskinesia, PCD) F1H ¥ AF %,
X BB AU KR A 57, (B 5 IFT -4
M. Wz . 55 R R e )
FHE 7,

ARSCREIFT RGNS FHLH G5, HAA LR
WIFT 2 A M Bk A AR . TFT 5142 1 3h 25
PEER . SRR S PE RS, DL IFT R 7E
LB RA T RIMER] RS AT A WA
JHL RN S AL IR S R, B B TR T AT Ay mf
HEIWZHHLAS, TEARRILF BB AR BR
YR B SRR

1 HFERLEN

HFERUME I E RS, A2,
¥ R 22 o G2z i 3ER (basal body) 2 4h I ) Ak
FEAR, SRR A Bk, LT S5 S
SR BT ERE Y, 25
B2 i 9 HANARE R, RS
T I3 AR ZZ 4 W 5645 A% (A-tubule) FITHIZY 10
IR A SE 8 B4 (B-tubule), P& LR
STERE, AE S BETES . B BT RS
MG FAFAE 22 57, S PR AS XS R X A 22 A 1 i
IFT F ZE (B R R AL T o0 a7 ez s
(R IE S [ - B T0 , 67 SRl A AR [, DRIt
PR E T IFT Sk & s 7 1) o

AR BRI 2285 =R % . B4 E
W 927 HES, B9 AN RS TR S8
— XIS, VRIS IR FE A MR A Sl
J1%&  (outer dynein arm, ODA). W3/ (inner
dynein arm, IDA). Jji44%& (radial spoke, RS) LA
Ko ¥ -3 SR 2 A ) (nexin-dynein
regulatory complex, N-DRC) 25454, L[EIE Al
JEA R 96 nm B HoT ", 223 i
IR ATP = HAER T, SRSIARARTIAE — IR 1] &

AT, X — Bz R p e E | RS HI
N-DRC W Rl $E , A R Ui i 21 B 25 1
gy R AR IR FEYE T s B
e, (HA AR AE R 7T 22 IFT R G ekizik
oL VB IR A

WA LT B H K “9+0” HEF, Hr= ok
WA iz Sh4F BRAEME S 1B S50, E2RIME
SRS Y. A, AR T RER T
REM, VIR BT L AR S S
Bo%. EMFL AT, MRS B IATE
A R R BAE, AR AR B A Y IR
It — T U R 2 A A 1 T A e
IR DR C 20k, JRiad n] WS ) 22
PR EE . BEAl, FIGELR B BB T R AR R R
e, HERBEE/N D XS RRER I,
R TN IFT PuB IS — &L, mEEA
AH S 14 28 () S o e

BT ERIAR, FEMLEEAWEE TR
kPRI EE &, WA HZEIFT S
TS HE . A5 BEZ RIS 2 5]
S BRS04, LA S AT B i X ek
SR, AR ATREPM R T IFT 51 4 0 s v 4%
1B NSk i ERAPE . R I AN
L B UL 22 1 G S R IR — 2 R
IFT iz f it ARt AR el LR R , i 3 ] g A2 2]
JRRREE IR B AR . A Ja BIFR AT RE S A
22 BINA S IFT 3 )2 iAo, sefA B T
TRA IR R IL EAE TR LAk bL]

2 AERIZMRGHIER

IFTRAEEEHIFT-AE AR, IFT-BREA1A .
K& 12 (kinesin-2) . 8 /1& 12 (dynein-2) Fl
Bardet-Biedl 27 & 1 25 H i & & & (Bardet-Biedl
syndrome protein complex, BBSome) SFZH A%,
i, IFT-A 5 IFT-B MR T IFT 51 42 09 AR 242,
UK B 3K 1 2 A sh 1 85 2 5 1 6 57 A A ARt e £
B T FIEARA2 3 5 98l 71, BBSome M AR CHET
HEANS S5EYE A RS B8 R
HIGAT DL, IFT JEAS 2 BP0y W) B i B, T2
— G T RS B IR R YR PR )R
S R P T

IFT-A & 4 1K By IFT144. IFT140. IFT139.
IFT122. IFT121 F1IFT43 6 7 34 i . Hirr,
IFT144. IFT140. IFT122 FIIFT121 & 4 WD40 &
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52 45 (WD40 repeat domain) £ TPR 4% #4) 3,
(tetratricopeptide repeat domain, TPR domain), #%
TR BEAE 5 A A AR, S U ik P
AR YR B A R Y R AR BT R
IFT-A £ & IFT-A1 A IFT-A2 f b, Bk & F —
HRIFTI22 SE A 1, IR E SR o
XAEYEATREA BY T IFT-A 1& W £F BES . ATis
e RO i e 4G v AN [] 25 TR R AL

IFT-B & &1 H 16 ™S A, 7434 IFT-B1
HIFT-B2 M /> M2 &2 & K . IFT-BI 4§ IFT88,
IFT81, IFT74., IFT70, IFT56. IFT52, IFT46.
IFT27. IFT25 Ml IFT22; IFT-B2 {1 $% IFT172.
IFT80. IFTS7. IFTS4. IFT38 Ml IFT20 ", 5
H TP FC Y IFT-A R [A], IFT-B 32 B 42
H%e . iR MES TSR e

IFT 5 22 (05 I PRz sl il Sk e o AT
iz E BRI IR R 2, HRFEY R IR shE A
2 B L RN Oy A28 5% 7 WA Tis K e B )
EH2M T ShEA 2 & HE4E DYNC2HL (3
J1#E 12 HE %%, dynein 2 heavy chain 1) . H[A] %
WDR60 (5 WD & JF 5 A9 H 60, WD repeat-
containing protein 60) F1WDR34 (& WD H & J741
AY%E 134, WD repeat-containing protein 34) . 2
[ 5E M 2Rt . FEifTisimizrh, sh i m 20
A SRR IFT-B2 E A5 F, A2 5M
Eizdh; BB B, HAs Itk sh
frizhs "0 IFT ik FIRY R IEROE T 3. A
EL R e e o R s N 90 N I 2 881D et
D5 Ta) R 4

BBSome fH BBSI. BBS2, BBS4, BBSS.
BBS7. BBS8. BBSY fll BBSIS 411k, JeZ&H4E
AR iz AR, HIRRTEFLEh w4
ZE TR A 75 . BBSome fi BTG A& /D
GTP filf ADP- #% Bl 3 fb [N ¥ # 5 1 6 (ADP-
ribosylation factor-like protein 6, ARL6; X %4
BBS3) AL T, Jf rI AL A Sk rY AT
IFT 31 4454 ™. BBSome f 4T B (A S
SriEfi, it 5IFT RE LA S, £
RERSTEAERF R 22 25 AR T4, DRk R A R 2
FI2H OIS S 4 AR

3 IFTHIZhEETE

IFT £ 45 BE 55248 5 91 46 IC . AT 92 )
A B T TS B 4 A R AT I 4 A i S BR Y

(1) B BAGR JRA v VR FE B B 2 T il R R
MR8, UK IFT WF5E XT3 4z shigiads i i ks 1
bii 2 DO b e i 0 N | R B Ry O S B vl VNS )
e 2w . BAUEE o, IFT 352 i dd
SPUREE . HNZELEREIE | Bk AR AT )k
PR RILM IS, A BT bR — AR i 2 e
TEIA
3.1 HAEEHIFTS FHSEESIRTIFTSI R

IFT S MY iR T 47 B AR . ARk dUB 2
BERKX RGN T UGB, AR IFT A
205 BIAELER I )y XAFAEIX ] . BBSome, 9K 83K
H 2 3l 18 H 2 F 258 T 8Oy Lk AR X
$, i IFT-B F IFT-A AJ 3 2o 5 [] 3z i 2138 2F B
H, FFAEANIE] XS R SRy Bt ; BEfS, IFT-B
T ek A TEAETE B TFT 51 45, TFT-A 4k i fin A,
BBSome N 7ML HTBESE AR IC *' . IFT DhikAIte
YIS R IR IR S5 IFT 5 4 1, X sbgh
R, FEBIEIPAUEIFT Lo ALFEBAL,
WRTEA T 3k . SR dl. ik ZE 1
E NS E N =i

BT AHEN S AL ¥ TR FL 5 T = S A 9R s
JTAT TFT 51 42 1) 2 2 S8 — 1~ 3 T 104 15 25 IR
IFT-B JE 76 i ¥ [X. (transition zone) T J7 LK%
6 nm [JEBAHES], TR S FEHZOf 4R 2, KRG
IFT-A $ % 8 T IFT-B 54 B Z M, JFi@ o
IFT81/IFT74, IFT172 LA M IFT8S8-IFT144 55 L1 5
IFT-B 4% ' ' g i A 2 A A2 5 iidTia
gy, MR A PR B R T IFT-B M, 1F
G 2 0 I8 21 3 Tt O o W e 4 J FEARER0S o T
KB 1 238 H A I Bt AR S, IR 35
ERitTizsh 2 MERIKShE 2 1 3 T EDE A
BN TH G ) T A, AEOR [0 BT 3l FH i 3k 2l
H 2 RAVRE A O AR . ACEEAY A T IFT
FEAREE ¥ B A OCHE 1110 (flagellar-associated
protein 10, FLA10) . #fEAH X H 8 (flagellar-
associated protein 8, FLAS; N 44 KIF3B) Fl3K 3]
HHAMXHE A (kinesin-associated protein, KAP)
P B S 5 = SR AARBR BN R 1 25 LU £F B b
HT 5 U5 = AR IR 3h 2 1 2 5 [R] IR 2R 14 OSM-3 43
BrUME " WEL S W B AR KAP 5 IFT-B % 3
PUZEIA (IFT88-IFTS2-IFTS7-IFT38) H 4UFREX KA
B E 3K 25 A8 S i B, DN AR S AT 8 2 i
i1 ), (RANEASCIR AR, IFT-B /ERIASER
TS AR, B MEHAEEG, i
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Fig. 1 Schematic representation of the IFT cycle
E1 SAENEHREHRREE
IFTA T AELF B S PRI 79 4, ik aE 2005, 14 B Ims i a A ABEAR DG B ;. SR TS, WA TH 4 kR o,
KB 2% BT, 3 2SI IR S A TS R, IR Y IORIFTZ 083 R . IFT: £FE NS (intraflagellar transport) ;
IFT-A: LT NiBMAR AL (intraﬂagellar transport complex A) ; IFT-B: £F EWNEHiB&E 4 & (intraflagellar transport complex B) ;
BBSome: Bardet-Biedl ¢ & fiF % 1 i & 418 (Bardet-Biedl syndrome protein complex) ; ICK: J7 I 41 g # # (intestinal cell kinase) ;
MAK: FBYEASEANMIAH G (male germ cell-associated kinase) ; P: #§fi23% /4] (phosphate group).

AR RIS S 2 A0S Mz e gl BN 13 A 2 bR B, fmm ks H 2 il

o FRRE B T IFT ARSI BB, ik &Jash (B b, Wiirs 4 RESELS
FLGWTR RN 20 T s HEG, 2562 MAESEF B R AR R AR W EE 2, R LT
HOTLDAFH — AL IFT-BSEE B 42, IFT-A %HﬂﬁTﬁa%'ﬁﬁ%kFE’ﬂimﬂ#‘ H AT L,



2026; 53 (&)

BiEE, & AENERAEFELERFAERNS FILH

+2183:

L BILALEBAIEE IFT FI G Al . KR
INFRIE, g DR Pt AN B B R A5 —iE
P
32 IRfTiERSIEE KRR A

JAT IFT 31 42 32 67 T4 21 B 220 i (0 45 4
W VS G55 5 A IR iz ik A2 &
AR EH PR FEENRY Z —, HRE K
IFT-B & &R P iR E 45 G ik, Hoh IFT74 #I
IFT81 Y N s 7E 1 2 18 i S 241 B0 B 2008
W B SCHE T, TFTS4 B85 8 7= 8 1 ) I 45 4 4
(calponin-homology domain, CH domain) NI £ {it
T EE AL T BT R S A
N, WE RS YIFARTES G A iR B B E
FEREE, MR ATEIFT ¥ e Re Fiaf rid R v ah a8
4545, ULWIZE R PE ST W A\ 23 B AT RS R A R
B PO X TR BR 22 2 AR, HEATFT
ARG E BRI T . BINTEE Sh 4T AR
FeMt g, 43l J1 R 16 (outer dynein arm 16,
ODALl6) Z 54b g JiEis%, W31k 3 (inner
dynein arm 3, IDA3) Z 5N ik, JiikE
2 5 41 % 5 A 2 (armadillo repeat-containing
protein 2, ARMC2) W| 5 RS iz §y A & 2, it
5b, ODA16 5 IFT R GEH 45 G AR ik 32 3] ADP-
¥ A I F A 85 11 3 (ADP-ribosylation factor-
like protein 3, ARL3) Z5/NGTPfFYE, R AR
2z SRz AN OB TR0, W3z B
I g A1 BRI R (AR 20 4 0

FHZT, B A RS 5 Z AR 2 B e A TEW]
RATPINEE, FLHUMWIFT-A | tubby HEE
% % (tubby-like protein family, TULP family)
fé1 # 25 1 F1 BBSome &% Ji{, 47 . Tubby # & 1 3
(Tubby-like protein 3, TULP3) J&i%$% IFT-A 5%
PRI EZ 5+, W SFE2REREARIRE
Witk AL E. DI R, TULP3 Y tubby 4544
WORNMYRERE S IRNRSS &, H AR — MY R R Tk
Z 5T GRS, #85> GPCR LT B ALK
i TULP3 /1 (0% ia ol 72 212 B Tl i TULP3-
IFT-A & 48, Ras #H % %5 1 Rab-23 (Ras-related
protein Rab-23, Rab23) FlIFT43 1] & 5 4§ &
GPCR#EALTE ', TEMFLa Y 4nifit, BBSome
W 2 5 TIZRARDC, (AR T iz i i T LA
W F) B4 IFT25-1FT27 £ 5 ARL6/BBS3 4 #fi ()
BBSome s & 445, Al figiE ol F2 0 ARL6 T AR
A fe st TGk, 520 BBSome 5 IFT &4 2 [0] 1)

IR, DL RAF BRE AR o teAh, Hik
BRI TT BB S 5 45 5 X5 Wiz i i o
. O EN, EIEAPMEA (protein kinase A,
PKA) FI45 8 F AR & % 1T (calmodulin-
dependent protein kinase 1T, CaMKII) 1] i fig fk 5K
2 R K 5t 3A (kinesin family member 3A,
KIF3A) Ci Ser687 i, FF52M I sh UK Y 52
Prdkag B, R, X —g5R R A ML ITN
BHEESE, HETE A RE ELH W] KIF3A Ser687 i
WEIRIL R FE S 547 B N IFT AT 58 P 0 e 25
I, SRSNEE 2 BEER AL TE IFT 43 4 e £ v () HARAE
M, AR RRE— 2P

SESHPEST ARG, IR 1 i SO T A
H . AR PAEE AL U X B B 2 B A o Ak
F, WiArizhmsE s A R e Sy n SR, 1k
PR AUE R A . KA 22 SRR, M
T 22 20 BEROCR AT BAF TR
33 WMEHEEESIFTIEIET

IFT 1 4 iy 0 A B B i 2F B 28 30 22
o TERBEFZENA BT, Wtk 51T
i i RO IR BB SR, AT 4
W AR BE 21T, WATH 4N F 2T A
M, XM TEES A HBENLHES . T
WS B L R ik i A I d A G il
IR IR, sh IR 2 6 A B — 2 Imis,
R[4 T IFT BB BERR R UL 3R 2 T MR > 77

MWZT, TEMALEHRLTE T, T s
B . AL Al 22 25 [ A RS A 2%, I
T LR PR AE S B, JFalfEistTid
R R AEPIEYMR . P SRR, PSR R
5l AR L RS ERG, DL S 4
BHER SR B BB YL RE S ik &
HE D AT A G, KBEOTEEas, B
eIy, RN 2 A e 2 RS B AR S 22 B
AGE FAREHE g s (R —HLTIZE L S PRI 9
2 i i AT S 2D Ik

PR, TET 008 e A RE faf SRS A [ 5 1) A
Bl BEE T, A EER £ B2RA, Hhez
450 . OB Sk R R e 1) sh A i
o X —INRA B TRz sh & BRI Erh
IFTiaf3 i s 285, WO B AN R 47 B2 iz
A ) H A [ A
3.4 TREHMSIFTIIEEE

WA TH) EHGA LT BTG, 20058 2451 &
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IATT AR A TH 4, XS IFT R R AR O S1 1Y)
Ty AR . T A AR A ) 1) S S5 A F
FEIR, WA TH GRS AT O XRS5 P AR 3 2
S0 WATH) G SR S W2, A 75
FHERRREWHEABE RN ™, Hik,
AT 5 405 S5t R MR IFT B 514, 88
HAEHWATHNE Y MRIE, FT-AZSIRE K
AR E AL, TFT144 5 IFT121 2 [ 0
&, HIFT-ALFNFT-A2 BEHCR BOP I 4 2 i
ST IR R R ] L — SR A AL T SR B it A 7 9 A2 2R
BAMER IFT-A E SRS IFT-B EZ 51K,
P R T4 4 () AR L A 0T

TEWFL S W WIS £F B b, i 18 40 M G
(intestinal cell kinase, ICK) F153 ¥4 A= 5 40 fifg AH 5
% (male germ cell-associated kinase, MAK) 5§
PN Ry 2 5 27 B T IFT 91 425 45 A1 73z
(R e N A R DA OC B (cell cycle-
related kinase, CCRK) J& ICK A9 I JiF il , n] 8
BRI ICK PR SF TDY (e g1k 161k
JE W ICK AT AEZ: 5 IFT 5 [ 75 £F 6 T0 0y 119 Ji) A R e
PSRN, X R O ATI A 5 A WA
KIF3A/E MUK SN 8 1 2 M B2 AL, oA 2
ICK BRI Z —; HNUR Thee72 fi s, B/
Kif3a Thr674 XF0 i &, 17 F KIF3A C Ui b4 &
DB o G2 R A T RE TE A 52 M KIF3A 1Y 524
GG I Tis kT, R B EERIFS
ST 0 (HKif3a T674A B AN E
BLICK k2 U B ML R ZH VR4 Bk, B izf
SUBERR AL T BEASIZ ICK R 2T B Tl 4 45 fZH 4Lk
B HME—B AL A, AR A
1 (Chlamydomonas reinhardtii calcium-dependent
protein kinase 1, CrCDPK1) f# 2 {k FLAS/KIF3B
) C o B 7, Il 55 5K 3l 4 H1 2 5 IFT-B (9 AH BLAE
9 MILE, B E 2R IFT R A
AXEE S —Ir S 5EePaiE, 5—Jrm
TE T 55 5 B B HEMA T S 3R il 15

B ) 2 AR RN A phi- UKL
MRS R IT A G ), R T e 4 i RO 3R
Z—. WAL IR, s EAH 2R EHRA
A sk, B HRZ MRS R msas sk
B, DLECARRIE BRI b2 AR AR ) 4 B K5,
RS

AN, KB IR, ELF Bty
B AT 5 AT 9 4 1 3 A T8 A e dte s Thl e

5B 53 HCH IFT 51 42 1 S 4 i nl 300 5 (HIZHLIN
P PRI 15 18 1] T W 5L 3h W) 0) G 4T B 3ok 1 #E
B, HBETARE AR

SMAKE , 2B iAo IFT a3 iz iy
W P ELEE I BRI DL R S E)
2 TR Bl 0 DG B A
35 #FfTiEhE S E

WATIBH N T IFT 457 . {55320k e 22 4]
e AT T RS, R4 BE RS
R . Bt TisfAHL, 0T kms) 41 ss
M2 G R AR 25 G 3R, SRR Rk
PN . TEMFLI IR T £, BBSome j&ili
frichi hEEMBERDEIEZ G, AT 2R
GPCR #il Hedgehog #H ¢ 32 {&K N £F £ rhiz i
BBSome 5 17 ¥ 25 1 (1 455 WO T2 W04 B2
IEZ BN W IR N B A5 5w B A A . a0
Hedgehog {5 5415 )5, BBSome 7£10i1 741 4= - )%
A R IS TS, DT D28 1 ()R 1
(protein patched homolog 1, PTCHI1) . G & FI{H 5k
% {& 161 (G protein-coupled receptor 161,
GPR161) ZE52 LB HGER s

TEWI LT BRIt oe 2 R A
AERFLT B A B RS I HEAL 2 — . X TERs
EMZIE, K3 EHEZREZ REEENH L E
AN HERY 4 F AR Id, TOMI FEEE 1 2 (target of
Myb1-like protein 2, TOMIL2) AEM[AIIFH S K63
¥E 17 R 8% I1 45 4 BBSome, M AR PE A KD
& % 1K 3 (somatostatin receptor 3, SSTR3) .
Smoothened & [ (Smoothened, Smo) #1GPR161
SELF 6 GPCR YT bR 0 AP BHIHEBAHCE H 36
(cilia and flagella associated protein 36, CFAP36)
YERDRSFRA BRE R IEZ RPUNE M, 75 ARL3
D EE 2 Rz B B Wi Tish Y, G
I K 52 1K B 2 BT R 4 Z K (melanocortin 4
receptor, MC4R) TEZFE H Y [l 3z B B R AL A1iz
FALI PR A, 32 R IR A A2 2 B~ Bl R
(B-arrestin) %54, iz % {k "4 BBSome P I #2 {1t
55, MIMTRE) MCAR il o i AT is fiHE 27 B B4
XU, 2RI RS 54 BE
1 SR B s o Pl i (AR ] 2 A
A B b A T AT AT — e R R

Fi—JiH, AR RN, o B EHTEL B
Wt n] kA 23z AL, IF 5 IFT-A W IFT139
MEAE S, Z A 5E 2 HO BBSome, 271
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112 B 47 B ol i B T B8 77 7F BBSome JRAHHS P
MR AE . WEATH) AR M, TFT A4 i
[fwis, IFT-B & G0 B 7R BLRRHE, ATt
AT —#IATH) 440255, IFT-A M3 & 2 -
BT, FLRR e AR & AL o P, BALF
EHLHP BT LR B 5 IR ] 28 N RS i
Bk, MO PEAZRLTE, bt
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Table 1 Organ involvement and key mechanisms of ciliopathies caused by abnormalities in IFT-related genes/proteins
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Fig.2 Schematic of ciliopathies associated with IFT dysfunction
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3. Ciliopathies

Abstract Intraflagellar transport (IFT) is a core mechanism for ciliary assembly, length maintenance, ciliary
proteome homeostasis and signal transduction. Most proteins required for ciliary structure and function are
synthesized in the cytoplasm. Because the ciliary compartment is separated from the cell body by the selective
barrier of the transition zone, these proteins cannot freely equilibrate between the cytoplasm and the cilium.
Consequently, axonemal components, membrane proteins and signaling molecules must be actively imported into
cilia, retrieved from the ciliary compartment, and recycled or degraded through highly ordered transport and
sorting pathways. The IFT system is mainly composed of the IFT-A complex, IFT-B complex, kinesin-2, dynein-2
and the Bardet-Biedl syndrome protein complex (BBSome). Through coordinated anterograde and retrograde
transport, these modules mediate the dynamic trafficking of different classes of ciliary cargoes. Anterograde
transport delivers structural and membrane-associated components from the ciliary base toward the ciliary tip,

whereas retrograde transport retrieves IFT components and selected cargoes back toward the ciliary base and
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cytoplasm. In this way, IFT not only supports the construction of the axoneme but also contributes to the
maintenance of ciliary composition and the regulation of ciliary signaling activity. In recent years, advances in
cryo-electron microscopy, in situ cryo-electron tomography and single-molecule imaging have greatly improved
our understanding of the molecular mechanisms underlying IFT. These approaches have revealed how IFT trains
are assembled at the ciliary base, how they move along axonemal microtubule tracks, how they undergo
directional switching at the ciliary tip, and how cargoes are retrieved and recycled. Among the IFT modules, IFT-B
acts as the major scaffold of IFT trains. It participates in cargo loading, motor coupling and initiation of
anterograde transport. IFT-A is involved in retrograde transport, membrane protein adaptor function and train
remodeling. The BBSome, through reversible association with the IFT system, regulates ciliary membrane protein
sorting, signaling receptor clearance and renewal of the ciliary proteome. These functions indicate that the IFT
machinery is not a simple linear transport pathway, but rather a dynamic and reconfigurable transport system. The
conversion of transport direction is a key step in the IFT cycle. This process is closely associated with
disassembly of anterograde trains, dissociation of kinesin-2, activation of dynein-2 at the ciliary tip and
reassembly of retrograde trains. In terms of pathogenic mechanisms, IFT abnormalities may cause ciliopathies
through four major pathways: defects in ciliary assembly and structure, abnormal localization of ciliary cargoes,
dysregulation of signaling pathways, and impaired cargo unloading and retrieval. These defects can affect
multiple organ systems, including the retina, kidney, skeleton, respiratory tract, reproductive system, and neuro-
metabolic system. Current therapeutic strategies are still mainly based on symptomatic support and maintenance
of organ function. Overall, IFT is a dynamic transport system jointly regulated by axonemal structure, motor
activity, cargo selection and cellular signaling. It links ciliary architecture with protein turnover and signaling
regulation, thereby playing a fundamental role in both ciliary homeostasis and ciliopathy pathogenesis. Further
elucidation of IFT regulatory mechanisms and their relationships with disease phenotypes will help promote

mechanism-based classification, genetic diagnosis and precision intervention for ciliopathies.
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